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EXECUTIVE SUMMARY 

The next generation of advanced nuclear reactors will require instrumentation designed to withstand 
higher temperatures and harsher environments. One of the most important instruments required to monitor 
power and in-core fuel management is a fission chamber. A fission chamber consists of a gas-filled 
chamber with a fissile coating on the inside of the chamber. When a neutron is absorbed by the fissile 
material, fission occurs, which produces energetic fission fragments that split off and travel in opposite 
directions. The fission fragments travel into the gas region of the chamber and produce a path of ionized 
particles. The charged particles drift to the oppositely charged electrode because of the high voltage that 
is applied to the cylinders of the chamber. The electronics, which convert the individual charge bunches 
to voltage pulses, detect and measure the charges because the rate of charge formation is an accurate 
measure of the number of fission events and, therefore, reactor power. The fission chamber has four 
regions of operation: pulse mode - (1) low flux, low temperature and (2) low flux, high temperature; 
current mode - (3) high flux, low temperature and (4) high flux, high temperature. Since the fission 
chamber is designed to operate across wide power ranges, it needs to be able to distinguish not only 
individual pulses at low fission rates, but also the high-rate-of-arrival pulses that pile up and are only 
measurable as a continuous current. The custom front-end electronics were designed to operate in both 
modes and all four regions. The high temperature fission chamber prototype and associated 
instrumentation commercialization development were completed in fiscal year 2018. 
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1. FISSION CHAMBER BACKGROUND 

The Oak Ridge National Laboratory (ORNL) high temperature fission chamber (HTFC) is an ionization 
chamber with three concentric electrodes that act as parallel plate capacitors as shown in Figure 1. A 
fission chamber consists of a gas-filled chamber with a fissile coating on the inside of the chamber. When 
a neutron is absorbed by the fissile material, fission occurs, which produces energetic fission fragments 
that are emitted from the coating. The fission fragments travel into the gas region of the chamber and 
produce a path of ionized particles. The resultant charged particles drift to the oppositely charged 
electrode because of the high voltage that is applied to the cylinders of the chamber. Assembling multiple 
cylinder electrodes concentrically in this topology allows for increased neutron detection sensitivity, 
which is important at low flux. The outermost and innermost cylinders are connected to each other, and 
positive high voltage (with respect to the other two cylinders) is applied to the center cylinder. This 
creates an electric field where the ionized particles (electrons) drift to the more positive center electrode. 
The center electrode is connected to readout electronics that convert the drifting charges into a voltage, 
which can then be further processed. 
 

 
Figure 1. Cross-section illustration of the ORNL HTFC. 

Since the chamber operates across a wide range of neutron flux (from 1 n/cm2/s to greater than 
109 n/cm2/s), several techniques have been developed to accommodate the wide dynamic range [1]. The 
electronics monitor for individual pulses at low flux levels and for a continuum of pulses that appear as a 
continuous current at higher flux levels. A mathematical description of the issue can be developed using 
Campbell’s theorem (illustrated in Figure 2) which states “A system whose input is a Poisson-distributed 
signal in time with a mean rate of λ and whose impulse response is h(t) has an output mean and variance 
given by  

 Vs� = λ ∫ h(t)dt∞
−∞ , (1) 

and 
 σs2 = λ ∫ h2(t)dt∞

−∞ , (2) 
 
where 𝑉𝑉𝑠𝑠�  is the resultant mean voltage and 𝜎𝜎𝑠𝑠2 is the square of the variance” [1, 2]. Assuming for our 
purposes the detector is connected to a simple resistor–capacitor network with impulse response ℎ(𝑡𝑡), the 
pulse height of the individual event can be determined since the charge generated is proportional to the 
energy deposited in the detector medium by the incident particle. This assumes that 1/𝜆𝜆 ≫ 𝜏𝜏 ≫ 𝑡𝑡𝑐𝑐 (with 𝜏𝜏 
being the time constant of the resistor–capacitor circuit, and tc the detector charge-collection time). The 
rate can be determined by counting the number (n) of pulses with amplitude above a threshold, over a 
known period (T) and deriving λ from 

 𝜆𝜆 = 𝑛𝑛
𝑇𝑇
 . (3) 
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Figure 2. Campbell’s theorem illustration. 

As the reactor power and flux increases, the pulse rate will increase, and pulses will eventually build up 
and create a “pile-up” effect. The front-end electronics are therefore required to operate in both low rate 
(pulse) and high rate (current) modes. Campbell’s theorem for the mean and variance then becomes 

 𝑉𝑉𝑠𝑠� = 𝜆𝜆 ∫ ℎ(𝑡𝑡)𝑑𝑑𝑑𝑑∞
−∞ = 𝑄𝑄

𝐶𝐶
𝜆𝜆 ∫ 𝑒𝑒−

𝑡𝑡
𝜏𝜏𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑄𝑄𝑄𝑄 = 𝐼𝐼𝑅̅𝑅, (4) 

and 
 𝜎𝜎𝑠𝑠2 = 𝜆𝜆 ∫ ℎ2(𝑡𝑡)𝑑𝑑𝑑𝑑∞

−∞ = 𝑄𝑄2𝜆𝜆𝜆𝜆
2𝐶𝐶2

 , (5) 

where the value of 𝑄𝑄𝑄𝑄 is simply the mean current from the detector so that the voltage across the resistor 
is proportional to the event rate in the detector. The variance can be minimized with proper low-pass 
filtering [1]. 

The fission chamber is the sensor in a larger system, shown in Figure 3, that includes a preamplifier, a 
processor, and two outputs, depending on the mode of operation. When in operation, the fission chamber 
is placed inside the reactor through an instrumentation port, and long cables (25 m or more) are routed to 
the read-out electronics. Because of this, some form of impedance transformer is required to isolate the 
logarithmic preamplifier from the cable. For this implementation, a common-base amplifier was used to 
drive two of these preamplifiers. This provided the impedance match for the cable and provided the high 
impedance required for proper operation at the input of the logarithmic preamplifier. The preamplifier 
was resistively terminated into 100 Ω and integrated as part of the logarithmic processor. The complete 
processor provides two outputs. One goes to a pulse-counting circuit that operates at low rates while 
individual pulses are distinguishable. As the rate increases, the output becomes a continuum of pulses and 
results in a varying voltage that is logarithmically proportional to the input count rate. This varying 
voltage is then input to a direct current (DC) measurement system. 

For commercialization, it is recommended a special mineral insulated (MI) cabling is used for the harsh 
environment of the reactor. This cable was designed with a twisted pair of nickel wires crushed inside a 
high purity MgO insulator and was contained inside a 0.250 in. stainless steel 316 (SS316) sheath. Most 
vendors guarantee a 360° twist per 1 ft or 10 twists in 10 ft. Since there is 500 V applied to this cable, the 
spacing between the twisted pair wires is a tradeoff between characteristic impedance and voltage 
standoff. 
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Figure 3. Block diagram of the fission chamber with front-end electronics system [1]. 

To attach the MI cable to the top of the fission chamber, a custom strain relief mount was machined. The 
mount screws to the top of the fission chamber and uses a standard Swagelok fitting to secure the MI 
cable. This mount can be industrialized for commercialization, but it is recommended that the MI cable 
fabrication company be involved in the design of a commercial connector. Any process that seals the 
cable must maintain a low moisture content inside the cable. The other end of the MI cable is then 
connected to a flexible standard safe high voltage (SHV) cable through an SHV connector. The 
impedance of the cable will depend heavily on the RF cable itself, for example, an RG214 cable has an 
impedance of 50 Ω , and an RG59 has an impedance of 75 Ω. Users should be aware of the input 
impedance of the preamplifier to avoid losses in the cable due to reflections. The standard SHV connector 
is rated for 50 kV/5 A, although not high temperatures. However, the flexibility of the cables allows for 
easier routing between the instrument and electronics. The MI cable is very rigid because of the SS316 
sheath and therefore must be bent using pipe tools. It is important to minimize bends in the cable, and 
there are limits to how small of a bending degree is allowed. The transition between the MI and SHV 
cable should be made at a point where the SHV cable can withstand the harsh environment and there are 
minimal bends in the MI cable. 

As mentioned, the electronics must operate across a wide range of flux. At low flux levels (low reactor 
power), the output of the processor is counting or pulse mode, but as the reactor power increases and 
reaches a threshold (high reactor power), the output of the processor is a DC measurement or current 
mode. The design of the processor is critical for this operation to function properly and is discussed in 
previous reports [1]. The preamplifier design for this application is a trans-impedance amplifier with 
logarithmic feedback as shown in Figure 4. This causes the output voltage to be proportional to the 
logarithm of the input current [3]. This design is discussed in detail in the next section of this document. 

 
Figure 4. Simplified schematic of the chamber with proposed logarithmic charge-sensitive preamplifier [4]. 
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2. FRONT-END ELECTRONICS 

Because fission chambers have traditionally used preamplifiers located physically away from the detector, 
coaxial cable of some type is usually employed. Since the signal pulse bandwidths are also usually 
relatively high, some form of cable termination is important so that signal reflections do not occur. Trans-
impedance amplifiers [5] are often used because, if appropriately designed, they present an active input 
impedance that will correctly match the cable capacitance and generate current-to-voltage gain 
simultaneously. 

Because of a very large event-counting range (greater than 9 orders of magnitude), an issue common to 
most reactor-based fission chambers is the need to compress the event-counting range using a nonlinear 
approach to data processing. A summary of several published measurement methods is presented in [1]. 
The major problem with trans-impedance amplifiers is that they generate a linear representation of the 
count rate and require postprocessing circuitry to generate useful data over the required range. We 
attempted to develop a technique that combines the input amplifier with the nonlinear processing and 
were partially successful. 

ORNL personnel developed an approach that used a charge-sensitive preamplifier configured with a 
logarithmic element as part of the feedback path, which results in the output voltage being logarithmically 
proportional to the input charge. The simplified circuit is illustrated in Figure 4 as a trans-impedance 
amplifier with a logarithmic feedback element. If a feedback capacitor is added across the feedback 
element, it looks exactly like a traditional charge-sensitive feedback preamplifier. 

One of the obvious problems with this design is that the input impedance is not controlled like a trans-
impedance amplifier. For very short cables (i.e., a few feet) this is not a problem and is preferred, but for 
cables measuring tens to hundreds of feet, this can become a problem because the cable itself is part of the 
feedback circuit. 

 

Figure 5. Simulation of logarithmic preamplifier. 

A simplified simulation, shown in Figure 5, of a single event superimposed on increasingly larger DC 
current that shows that as the DC current increases, the pulse amplitude becomes a smaller percentage of 
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the overall DC level. This illustrates that, in concept, this technique should be able to be used at low rates 
as a pulse-counting circuit, and at higher rates where pile up dominates, the DC level can be an indicator 
of count rate. 

Commercially available logarithmic amplifiers are not sufficient for the level of sensitivity required; 
therefore, custom front-end electronics were developed as shown in Figure 6. 

 

Figure 6. Schematic of front-end electronics. 

Simulations were performed using PSpice, and several assumptions were made about the output of the 
fission chamber (input driving the preamplifier). In the simulation results, displayed in Figure 7, the pulse 
mode (fast output) results were for a commercial fission chamber and not the HTFC. These simulations 
were implemented using a commercial fission chamber because at the time of simulations the HTFC was 
not complete, so the output signal was unknown. Each waveform, from the bottom to the top, corresponds 
to a signal from a single event superimposed onto a DC current of 1 μA (dark blue), 10 μA (orange), 
100 μA (grey), 1 mA (yellow), and 10 mA (light blue). Other than the 1 μA and 10 μA cases, these results 
do not accurately reflect the performance of a fission chamber in a reactor because the current depends on 
the rate, and it is unreasonable to expect a single pulse over 10 μA of DC current from pulses. However, 
this is a good demonstration of how the circuit starts in pulse mode for low reactor power and then 
switches to current mode at higher reactor power. 
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Figure 7. PSpice simulations of electronics with commercial fission chamber. 

This circuit was implemented on a custom printed circuit board (Figure 8) and tested at ORNL using 
commercially available fission chambers. The printed circuit board was housed in a grounded shielding 
box to help reduce noise on the circuit as shown in Figure 9. Because of the sensitivity of these 
electronics, they were very susceptible to electromagnetic interference (EMI) from the surrounding 
environment. Some EMI sources to consider are emanations from pumps, electromagnetic interference 
from other instrumentation, and ground noise of 120 V power lines. Shielding and well-designed 
grounding is critical for operation in an industrial environment. Commercialization of a system like this 
requires a good understanding of the impact of noise on electronics, noise-canceling techniques, and 
shielding techniques. The lessons learned from testing with the electronics led to the commercialization 
plan that is discussed in the next section. 

This approach was not entirely successful. During testing, the signal appeared to be large enough for 
useful processing, but the test setup was unable to reach a high enough event rate to thoroughly test the 
logarithmic compression function of the preamplifier. The HTFC testing was performed at a reactor and, 
in the EMI-rich industrial environment, the researchers were unable to obtain a completely clean signal 
from the electronics. Even though most of it is shielded, the input cable appears to detect a large amount 
of EMI. An isolation transformer and several other debugging techniques provided little improvement. 
Possibly, a better input filtering circuit for the lower frequencies may have helped mitigate much of the 
low-bandwidth EMI sensed by the preamplifier. 
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Figure 8. PCB layout of custom front-end electronics. 

 

 

Figure 9. Image of housing containing front-end electronics.  

Notably, these electronics were previously tested with both a commercially available fission chamber as 
well as the HTFC discussed here. Testing in the lab with the commercial fission chamber ensured that the 
electronics were functioning properly before testing with the HTFC began. Testing with the commercial 
fission chamber also confirmed the simulation results. This report only discusses the results from testing 
with the HTFC. 
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3. RECOMMENDATIONS FOR COMMERCIALIZATION 

The initial experiments constitute an important learning activity that can be leveraged to achieve a viable 
commercialization solution. As shown by the testing effort, commercialization of analog electronics 
requires a clear understanding of environmental EMI noise and how it impacts the performance of the 
electronics. The signal level from the output of the front-end electronics depends on the amount of charge 
acquired from the output of the fission chamber. If the signal is very large compared to the noise levels, 
the EMI may have little impact on the measurement. However, if the signal is comparable to the noise, on 
the order of a few hundred millivolts as shown in Figure 10, a high EMI environment can overwhelm the 
signal and result in a signal-to-noise ratio of much less than unity. Proper packaging and cabling can 
minimize the impact of EMI on the performance of the electronics. While applying a high voltage of 
500 V to the fission chamber and placing a neutron source nearby, the pulse output signal is 
approximately 150 mVp-p with a decay time of 10 µs. 

 

Figure 10. Testing fission chamber performance at ORNL with an AmLi source (100 ft cable) 
October 2017 [6]. 

It is obvious that the shielding provided by the electronics housing will be critically important. Since this 
instrumentation will be installed in a nuclear power plant and will require robustness, the packaging will 
be required to adhere to the standards required in a plant. Typically, nuclear instrumentation is installed in 
a rack-mount tower with cabling routed through cable trays. However, some instrumentation is designed 
in custom cabinetry. ORNL will be pursuing a rack-mount design because, including the integration of a 
custom linear high-voltage power supply, the overall footprint for the electronics will be very small, and 
they will fit well in this packaging. Also, only a single cable runs between the fission chamber and 
electronics. For this reason, the electronics and power supply should be designed to fit inside a standard 
rack-mount nuclear instrumentation module (NIM) bin as shown in Figure 11. Appropriate shielding and 
grounding can be applied inside the housing to protect the front-end electronics. A triaxial (triax) cable, as 
shown in Figure 12, should be used for the signal and voltage. 

Fission chamber inside primary containment 

AmLi 5341: activity = 9.93 Ci 
AmLi neutron emission = 4.0E4 n s

−1
 Ci

−1
 

150 mV peak 

10 μs decay time 
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Figure 11. Example NIM bin and module.1 

 

Figure 12. Example triax cable.2 

Triax cable will provide added shielding and ensure there are two separate grounds: earth ground on the 
outer sheath and signal ground on the inner sheath. It is important to keep these grounds isolated except at 
a designated point in the system. This is important because noise injection of cabling is a large problem in 
industrial environments. Ferrite beads can also be placed on the NIM bin’s power cords to attenuate high-
frequency electromagnetic noise. Applying multiple commercialization techniques enables the electronic 
system to be successful in any industrial environment.  

4. DATA ACQUISITION AND SOFTWARE 

For testing at ORNL and the Ohio State University (OSU), a National Instruments (NI) PCI extension for 
instrumentation (PXI) chassis with several PXI cards, power supplies, and an oscilloscope were used for 
benchtop testing as shown in Figure 13.s 

                                                 
1 Weiner NIM crates, http://www.wiener-d.com/sc/powered-crates/nim/. 
2 Belden video triax cable, https://www.belden.com/products/enterprise/broadcast-av/cable/video-triax. 

http://www.wiener-d.com/sc/powered-crates/nim/
https://www.belden.com/products/enterprise/broadcast-av/cable/video-triax
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Figure 13. Benchtop data acquisition system. 

An Agilent 33522A arbitrary waveform generator was used to simulate the fission chamber pulses. An NI 
PXI-5122 14-bit digitizer reads the signal while in pulse mode, and an NI PXI-6255 16-bit multi-function 
I/O module reads the signal while in saturation. The PXI-6255 was also used to output a control voltage 
to the conditioning electronics. Additionally, the control voltage was read back into the acquisition system 
to verify the output. The NI PXI cards were installed in an NI PXIe-1073 chassis, which was connected 
via MXI link to a PC running the NI LabVIEW software. 

The data acquisition and control software designed specifically for this project reads the output signal 
from the fission chamber electronics using the PXI-5122 and PXI-6255 modules. It also communicates 
via USB with an Agilent DSO5054A 500 MHz oscilloscope to acquire triggered traces of the pulses. The 
oscilloscope can be configured using the control software for repeatable measurements without user 
interaction. The fission chamber signal and control voltages may be displayed, or they can be hidden for 
increased performance. Data acquired from the NI PXI-5122 or the Agilent oscilloscope may be saved to 
disk for analysis. Although these NI modules are in PXI chassis format, single cards are available for 
other packaging and can be installed in a NIM bin with the front-end electronics. This commercially 
available option simplifies data acquisition design. Also, other commercial instrument developers certify 
NI products for nuclear application. 

While running an experiment, there are multiple tabs available to the user in the graphical user interface. 
The “configuration” and “advanced” tabs are for software controls and are not be available during normal 
operation. The “configuration” tab allows the user to set the data folder, scope sample rate, and high 
voltage calibration constant. The “NI PXI” tab allows the user to enable and control the high-voltage 
output (Figure 14). The user also can enable the scope, then monitor and save real-time data from the 
PXI-5122 digitizer on this tab. The “Agilent” tab also allows the user to enable, then monitor and save 
snapshots of data during an experiment as shown in Figure 15. An executable file can be developed and 
packed for commercialization. This executable would then be open software available through National 
Instruments. 
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Figure 14. LabVIEW user interface “NI-PXI” tab. 

 

Figure 15. LabVIEW user interface “Agilent” tab. 
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5. CONCLUSIONS 

This document describes ORNL’s design of custom front-end electronics that meet the wide range of 
operation required by the fission chamber. The electronics were previously tested with a commercial 
fission chamber before testing with ORNL’s HTFC. In a laboratory environment, the electronics were 
capable of detecting pulses from the fission chamber during testing with an AmLi source. Because of the 
low signal level, the commercialization will be difficult, but possible. Good shielding and grounding, as 
well as robust packaging, is required. Also, proper cable selection, such as a triax cable, will ensure 
reduced injected noise on the signal cable. Some other commercialization techniques are discussed and 
can be applied to this system. Industrial environments are unique and require different solutions for a 
successful commercial electronics system to survive them. Applying proper techniques will enable the 
electronic system to be successful in any environment. 
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